Spectral and temporal characteristics and their temperature dependence for the long-lived (phosphorescence and delayed fluorescence) emissioii of chemically mixed crystals of acridine II (host) with anthracene (guest) were studied under conditions of various spectral resolutions and different modes of excitation. The energy of 0-0 transitions of exciton band and of trap states have been determined and the nature and energy scheme of the triplet states of crystals have been established. The ckplex arrangement of host molecules into two different pairs in the crystal structure of acridine II is revealed in the energetic "doublet" structure of the trap states for both, . the shallow and the deep traps (of acridine and of anthracene origin, 'respectively). Migration of triplet excitatioii energy in these chemically mixed crystals is controlled predominantly by the triplet-triplet annihilation of excitons (either heterogeneous or hkogeneous) almost in the whole temperature range. The formation of triplet excimers of acridine was definitely ruled out.
Spectral and temporal characteristics and their temperature dependence for the long-lived (phosphorescence and delayed fluorescence) emissioii of chemically mixed crystals of acridine II (host) with anthracene (guest) were studied under conditions of various spectral resolutions and different modes of excitation. The energy of 0-0 transitions of exciton band and of trap states have been determined and the nature and energy scheme of the triplet states of crystals have been established. The ckplex arrangement of host molecules into two different pairs in the crystal structure of acridine II is revealed in the energetic "doublet" structure of the trap states for both, . the shallow and the deep traps (of acridine and of anthracene origin, 'respectively). Migration of triplet excitatioii energy in these chemically mixed crystals is controlled predominantly by the triplet-triplet annihilation of excitons (either heterogeneous or hkogeneous) almost in the whole temperature range. The formation of triplet excimers of acridine was definitely ruled out. Some time ago, the two-component, organic solid solutions with substitutional disorder, i.e. isotopically or chemically mixed molecular crystals seemed to be very attractive as the model systems for highly disordered systems (e.g. molecular glasses, polymers and liquids [1] ). It has turned out, however, that in chemically *Submitted on invitation of the Institute of Physical and Theoretical Chemistry, Technical University of Wrocław, Wrocław, Poland.
(469) mixed crystals, the most attractive factor, i.e. an anticipated easy-to-handle control of the degree of true substitutional (translational) disorder in the host crystal lattice, is connected with very severe geometrical and symmetry requirements [2] . Furthermore for most of the candidates, for the formation of chemically mixed crystals, a solid solubility limit very seldom exceeds a fraction of mol%, thus limiting the range and degree of the controlled substitutional disorder and by the same token the generality of conclusions. On top of that, it has turned out in the course of experiments that even in such thermodynamically favourable cases like solid solution of anthracene and acridine where the host lattice can contain as much as tens of mol% of the guest [3, 4] , the analysis of experimental results may become very obscure (if not impossible at all) due to the fact that energy levels of host and guest and of different resonance aggregates are overlapping even at moderate guest concentrations, and both, the variety of aggregates and the overlap are strongly increasing with increasing guest concentration [5] [6] [7] . And although all these drawbacks and limitations have resulted in the shift of a centre of gravity of the research effort to isotopically mixed crystals, systematic studies of chemically mixed crystals (lightly and highly concentrated with the guest molecules) have provided some interesting results and concepts relevant to the exciton transport and trapping [8] [9] [10] [11] , formation of excited complexes and aggregation properties [12, 13] or aggregation-controlled molecular photophysics [7] .
This work was aimed at identiflcation of the triplet states of a new twocompo nent solid solution of acridine (host) with anthracene (guest)which can form chemically mixed crystals. This system, in contrast to extensively studied "reversed" system of anthracene (host) with acridine (guest), has never been before a subject of optical studies, although chemically mixed crystals based on the acridine host lattice should be very interesting from the point of view of excitation energy transfer, due to the variety of crystalline modiffcations of a neat acridine crystal and the pairwise arrangement of the molecules in the lattice [14, 15] which may dominate in photophysics and kinetics of excited states and overwhelm the resonance (guest-guest) interactions. With this motivation we have extended our previous interest in chemically mixed crystals of anthracene (host) with acridine (guest) to the crystals under consideration.
The details relating to the electronic singlet states, traps for singlet excitons as well as the verification of the formation of singlet excimers of acridine in chemically mixed crystals of acridine ΙI with anthracene, have been presented in our recent paper [16] together with some preliminary results of low-resolution optical studies of long-lived emission spectra. We recall that in all studied crystals [16] : (i) the energy of the bottom of singlet excitonic band is 25450 cm -1 (it is of acridine S1(π, π*) origin); (ii) the only traps for singlet excitons are of anthracene origin, with energy of ca. 24000 cm -1 but the efficiency of trapping is small even at low temperatures; (iii) singlet excitons from the singlet excistonic band are decaying predominantly via the process of formation of excimers (either in A or B pairs -see Sec. 3 below), the energy of excimer state is ca. 21000 cm -1 and its radiative decay time is of 85 ns. These findings were in general agreement with the conclusions of earlier spectroscopic experiments performed for the neat acridine II crystals [15, 17, 18] . For the flrst time, however, we have observed the phosphoresTriplet States and Triplet Excitons in Chemically Mixed Crystals ... 471 cence emission of the crystal in acridine II crystallographic form. This observation supplied us with a tool, which together with high-resolution laser excitation, could have been used for investigations of the triplet states and triplet excitons and for verification of the concepts of a triplet excimer as well as for insight into the photophysical mechanism of deactivation of excited molecular and/or excimer singlet states. The results of detailed studies of the phosphorescence emission and its kinetics are summarized and discussed in this paper.
Experimental
Anthracene and acridine were purified by vacuum sublimation and zone-refining. Crystals of 0.02, 0.1 and 1.0% M/M anthracene in acridine host were grown by sublimation [4] . With the use of the standard powder diffractometry technique a crystal stucture of the host lattice in mixed crystals was found to coincide with the crystal structure of acridine II.
Α photon-counting technique was used for recording the emission spectra. All details of the experimental setup, including optical helium cryostat and the electronics as well as the techniques of decays measurements, have been published previously [19] .
Results and discussion
At least five different crystalline modiflcations of acridine have been reported up to now (see [15] and the references therein). In the present study of chemically mixed crystals, a crystalline form of acridine II (monoclinic, with 8 molecules in the unit cell and the space group Ρ2 1 /α) serves as the host lattice for anthracene molecules. The crystallographic stucture of acridine II, with two molecules per asymmetric unit, has a complex arrangement of molecules. The packing units, each containing two molecules, are not all equivalent as the molecules are arranged in two types of antiparallel pairs about the centre of symmetry (designated as A and B pairs, respectively). The separation distance between molecules in orientation A is 0.349 nm and in normal projection they are not exactly overlapped but are staggered. In B orientation, the Separation distance is 0.361 nm and in normal projection there is only an overlap of the terminal aromatic rings of the two acridine molecules [14] .
In general, such a crystallographic stucture of the host crystal should provide more sites for substitution and larger variety of local environments for guest molecule than a "reversed" mixed crystal of anthracene (host) with acridine (guest). However, it has been shown long ago that in the acridine II structure anthracene is not able to pack as closely as acridine molecules [3] and this fact strongly limits an accessible concentration range of guest molecules in these chemically mixed 0. Morawski, J. Prochorow crystals. Hence, our investigations have been limited to three mixed crystals of acridine with anthracene concentrations 0.02, 0.1 and 1.0% M/M. In all these crystals phosphorescence emission was observed and its detailed features and the temperature dependence are discussed in the following. Figure 1 illustrates the long-lived emission spectra of chemically mixed crystals of acridine and anthracene, at 1.7 K, for different concentrations of anthracene in the acridine II host lattice. This emission is composed of a broad, and structureless delayed fluorescence band, spread ou: in 21000-17000 cm -1 spectral range, which is identical in its shape and spectral position with the spectrum of prompt fluorescence of the crystals under consideration [16] . On the low-energy side of delayed fluorescence band (below 16000 cm -1 ), a phosphorescence emission is observed. The phosphorescence spectum is composed of very sharp and fairly well resolved bands. The energy of maximum of the highest-energy band in phosphorescence spectrum (a presumable 0-0 transition of phosphorescence emission) is ca. 15691 cm -1 . At 1.7 K, the decay time of phosphorescence monitored at this band is 33 ms. Both, the energy of this phosphorescence band and its decay time can be compared to the energy of 0-0 transition (15813 cm -1 ) and the decay time of phosphorescence (34 ms) observed for acridine isolated (at low concentrations) in the crystalline host lattice of 2,3-dimethylnaphthalene [20] . And such a comparison would suggest a rather safe assignment of the phosphorescence spectum observed in these mixed crystals as the phosphorescence of acridine.
Phosphorescence a{ low temperatures
However some other characteristics of phosphorescence emission indicate that such an assignment would be an oversimplified one. First of all, it is seen in Fig. 1 that intensity distribution among different subbands of the phosphorescence spectrum is different for different concentrations of anthracene in the acridine host lattice. In mixed crystals with 0.02 and 0.1% of anthracene the 0-0 band at 15691 cm -1 is the most intense one (Fig. 1a and 1b) , but in the crystal with the highest concentration (1.0%) of anthracene its intensity is strongly diminished and the band at 14829 cm -1 is the most intense one (Fig. c) . Another, very distinct observation related to the changes of the intensity distribution within the subbands of phosphorescence spectrum is given in Fig. 2 , which shows that even for a fixed concentration of anthracene, the relative intensities are dependent on the wavelength of excitation. If excitation is carried out via singlet excitonic band (27472 cm -1 excitation) the 0-0 band of phosphorescence of acridine, at 15690 cm -1 , is the most intense one. When the excitation is tuned below the singlet excitonic band, directly to the singlet traps (24619 cm -1 excitation) the intensity of the 0-0 band (and of some other subbands) is decreasing, while the intensity of the band located at 14829 cm -1 is strongly enhanced.
A more detailed analysis of the vibrational pattern of the phosphorescence spectum enables the identification (with accuracy of ±5 cm -1 ) of such vibrational frequencies as 225, 400, 620, 1276, 1410 and 1569 cm -1 which are characteristic of acridine (and have been all identified in phosphorescence spectum of acridine embedded as a dopant into the crystal of fluorene [21] ). Thus we notice that a ca. 860 cm-1 shift between the most intense bands under considera-Lion (15691-14829 cm -1 ) is not connected with any vibrational mode of acridine molecule and hence the band at 14829 cm -1 must be related to the emitting species (site) different from acridine molecule. This conclusion is further supported by the fact that the decay time of phosphorescence, monitored at this band is 40 ms, at 1.7 K, which is different from 34 ms observed for 15691 cm -1 band. In view of these observations the 14829 cm-1 band can be identified as that of anthracene origin. For comparison, the 0-0 band of anthracene phosphorescence in the host lattice of biphenyl crystal is located at 14738 cm -1 [22] and its decay time is 42 nS [23] (in phenazine crystal its position is 14686 cm -1 [24] ).
Hence, we arrive at the conclusion that the phosphorescence of mixed crystals of acridine with anthracene consists of two overlapping spectra: the high-energy phosphorescence spectum with the 0-0 band at 15691 cm -1 (and the decay time of 34 ms) which is of acridine origin and the low-energy spectrum with the 0-0 band at 14829 cm-1 (and the decay time of 40 ns) which is of anthracene origin. Each of these two spectra can dominate in the total phosphorescence of mixed crystals, depending on either concentration of anthracene (cf. Fig. 1 ) and the mode of excitation (cf. Fig. 2 ), or the temperature range (see the discussion in Sec. 3.2). However, the general pattern of the phosphorescence spectrum in the mixed crystals under study clearly shows that the phosphorescence originates from two kinds of triplet traps of different depth and origin. There are shallow traps of acridine origin and much deeper traps (by ca. 870 cm-1 ) of anthracene origin, which might have been expected in view of the energy difference between the triplet states of both molecules. As we have shown earlier [16] singlet traps in the mixed crystals of acridine with anthracene are formed exclusively on anthracene molecules (and those can be traced in both, the fluorescence and absorption spectra of the crystal) and this conclusion is in general agreement with the observed enhancement of anthracene phosphorescence upon excitation tuned to singlet traps, below the singlet excitonic band (cf. Fig. 2 ). The shallow acridine traps are populated mostly via excitation to the singlet excitonic band which, as we have demonstrated earlier, serves as a precursor for the formation of acridine excimer in the crystal [16] . As the observed acridine phosphorescence spectrum has a very sharp and clear-cut molecular-like character in the crystal and as even at low temperatures its intensity is almost three orders of magnitude smaller than the intensity of excimer-like fluorescence, it seems highly improbable that acridine traps can be populated with the participation of excimer states. Thus,-we must conclude that the most probable mechanism for population of acridine triplet traps is that connected,with direct intersystem crossing from the singlet excitonic band to the triplet excitonic band of the host crystal from where shallow acridine traps are being populated. We also stress that contrary to confirmed formation of singlet acridine excimers, the postulated formation of triplet excimers [15, 18, 19] in the acridine II crystal can definitely be uled out.
An inspection of even relatively low-resolution spectra given in Fig. 2 , is revealing that the 0-0 bands of both, the acridine and anthracene phosphorescence spectra (as well as some other subbands in both spectra) exhibit a composite structure. The high-resolution phosphorescence spectra clearly show their "doublet" stucture, as illustrated in ßig. 3 for the acridine part of the phosphorescence spectrum. The components of the "doublet" have energies of 15691 and 15649 cm-1, respectively. The 42 cm -1 separation between the "doublet" components is characteristic of all the other bands in the spectrum (and the same separation characterizes the "doublet" stucture in the anthracene phosphorescence spectum, for which the "doublet" components of the 0-0 band are located at 14829 and 14787 cm -1 , respectively). Such a "doublet" character of the phosphorescence from both kinds of traps (of acridine and of anthracene origin) can only be accounted for if one assumes that in both cases there are two different sites for trapping molecules. Since the separation between the "doublet" components is practically the same for the sets of shallow (acridine) traps and deep (anthracene) traps, the trapping sites must be connected with a speciflc stucture of the acridine II crystal lattice and must reflect the differences in the "local" situation of the triplet states of trapping molecules within the A and B pairs (see beginning of Sec. 3). In the zeroth-order approximation, the energy of the triplet state of either the host molecule (acridine) or substitutionally replacing it anthracene molecule would be controlled by the distance between the components of the pair, which is the same for acridine and anthracene molecule in any given pair (provided, in these chemically mixed crystals, a tue substitutional replacement takes place) but is different in A and in B pairs. Our present results do not allow for the precise determination of the local stucture of the shallow and deep triplet traps and/or trapping sites and for instance "an anti-parallel arrangement" of acridine molecules within the A and B pairs as a possible triplet trap cannot be excluded. Nevertheless, the identification of two different sets of triplet traps, each of which is divided into two different subsets (sites) of traps is beyond any doubt. In order to determine the energy of the triplet excitonic band of the acridine II host crystal we have measured phosphorescence excitation spectra with the use of a narrow-band tunable dye laser. The excitation spectrum of acridine phosphorescence (in the 0-0 region) is presented in Fig. 4 . The two most intense lines at 15821.0 cm -1 and 15752.9 cm -1 can be ascribed to the two Davydov components of the host triplet excitonic band. Other lines of much smaller intensity form two progressions with identical shifts (255, 400, 440 cm -1 , etc.) from both Davydov components. At still higher resolution the shape of both Davydov components (cf. Fig. 5 ) seems to suggest a presence of more "finer splitting" which could not be further resolved under present experimental conditions. This should be investigated under appropriate resolving power, especially as it should be born in mind that although the crystal stucture of acridine II is arranged pairwise (which probably dominates all the existing couplings and interactions), still, however, there are 8 molecules in the elementary unit cell of the crystal, what may result in the complicated pattern of the Davydov splitting [25] .
The above-presented results and discussion can be summarized in the energy scheme of the triplet states in the chemically mixed crystal of acridine with anthracene given in Fig. 6 . From this we can determinate the depths of triplet traps observed in these crystals. These depths (relative to the lower Davydov component) are equal to 62 and 104 cm -1 for the set of acridine traps and 924 • and 966 cm -1 for the set of deep anthracene traps, respectively. The reliability of these values and validity of some conclusions formulated in the preceding can be verified by investigations of the kinetics of triplet excitons.
Temperature dependence of phosphorescence and the kinetics of triplet excions
The quoted earlier Fig. 3 illustrates also the temperature dependence of the "doublet" components of phosphorescence spectum originating from acridine traps. With an increase in temperature the high-energy component is loosing its intensity much faster than the low-energy component and above 10 K only this latter one can be still observed. Its intensity is quickly decreasing with temperature and above 15 K the phosphorescence of acridine is no longer existing in the phosphorescence spectrum of the mixed crystal. What is left is the anthracene part of phosphorescence spectrum of the crystal, which (after some initial increase in intensity in the temperature range of 15-20 K) is also loosing its intensity with increasing temperature and eventually ceases to exist in the temperature range of 80-100 K. The temperature dependence of the whole phosphorescence spectrum, together with the temperature changes of delayed fluorescence spectum are shown in Fig. 7 for low-resolution spectra. The temperature dependence of the integral intensity of delayed fluorescence although somewhat more complicated than that observed for phosphorescence, reveals four characteristic regions of temperature for which its behaviour is clearly displayed. It starts to grow at low temperatures (above 2 K), reaches the maximum (at ~ 15 K) and after a slight drop remains constant in the range of medium temperatures (up to ti 60 K) and then starts once again to increase sharply and reaches its second maximum (at ti 100 K). Above 100 K the intensity of delayed fluorescence is slowly but continuously decreasing with increasing temperature. All these temperature changes of intensity of delayed fluorescence and trap phosphorescence of acridine and anthracene are accompanied by temperature changes of their decay times (cf. Fig. 8 ).
These observations of temperature changes of delayed fluorescence are typical for delayed fluorescence of triplet-triplet annihilation origin (P-type delayed fluorescence) in the almost whole range of investigated temperatures. At deep temperatures (1.7-2.0 K) most of the excitons are trapped, which results in intense phosphorescence (mostly from shallow acridine traps) and relatively low-intensity delayed fluorescence which must be of heterogeneous triplet-triplet annihilation between mobile triplet excitons in the excitonic band and trapped excitons. This is also confirmed by the fact that the decay time of delayed fluorescence at 1.7 Κ is 15 ms (cf. Fig. 8 ) which is almost twice as short as the decay time of acridine phosphorescence (34 ms) -a feature typical for the emission originating from the annihilative events. When the temperature is increased, excitons from shallow acridine traps are thermally activated to the triplet excitonic band, the intensity of phosphorescence drops (c.f. Figs. 3 and 7) and its decay time is getting shorter. At the same time (in 2-15 Κ range) the intensity of delayed fluorescence is quickly increasing (see above). In this temperature range the delayed fluorescence is due to the homogeneous annihilation of mobile excitons (although annihilation of mobile excitons and excitons trapped on deep anthracene traps can also contribute, especially in the mixed crystals with higher concentration of anthracene). Some fraction of all excitons which are thermally activated from acridine traps is also being •repumped to deep anthracene traps, as can be inferred from the above-mentioned increase in intensity of anthracene phosphorescence at 15-20 Κ range. We notice that at 20 Κ and up to ~ 50 K, the decay time of delayed fluorescence (cf. Fig. 8 ) is 18 ms (although it has fallen down to 10 ms at 15 Κ), and is almost twice as short as the decay time of anthracene phosphorescence (40 ms). This indicates that after depopulation of shallow acridine traps, the heterogeneous annihilation of mobile excitons and excitons trapped on deep anthracene traps becomes important. When the temperature is increased above ti 40-50 K, the intensity of anthracene phosphorescence and its decay time start to decrease quickly and this means that the thermal activation of deep triplet traps becomes more and more effective. Above -80 K, deep triplet traps are for all practical purposes empty (phosphorescence can no longer be observed) and the delayed fluorescence which is still observed is due to the homogeneous triplet-triplet annihilation of mobile excitons. A continuous decrease in its intensity and in decay time observed for higher temperatures is due to scattering of mobile excitons travelling trough the crystal lattice, as the scattering increases with increasing temperature of the crystal.
It comes, from the above-outlined, qualitative description that there are two temperature ranges where the intensity of delayed fluorescence (Idf) is governed and controlled by the effective thermal activation of trapped triplet excitons to the triplet excitonic band, i.e.:
where n p is the population of the trap, ΔE is the activation energy for the depopulation process, k -Boltzmann constant. Since the phosphorescence intensity (I h) is proportional to the population of trap n p , an Arrhenius type of plot of l n ( I d f / Ι 2 p h
) v e r s u s r e c i p r o c a l t e m p e r a t u r e ( 1 / T ) s h o u l d b r i n g a b o u t a n a c t i v a t i o n energy, ΔΕ, for the process of thermal depopulation of given traps. In Fig. 9 such an Arrhenius plot which relates to thermal depopulation of deep anthracene traps (50-90K temperature range) is given. The activation energy for this process obtained from the plot in Fig. 9 is equal to 940 ± 60 cm -1 . If we compare this value to the average depth of anthracene traps which were obtained from spectroscopic data (see Sec. 3.1) and which are 922 and 961 cm -1 , we see that these values are in excellent agreement. An analogous procedure applied for shallow acridine traps (for 2-10 K temperature range) yields the activation energy of 60 ± 6 cm -1 which is also in good agreement with 60 cm -1 determined from spectroscopic data (see Sec. 2.2) as the depth of higher-energy subset of acridine triplet traps. These activation energies show that the proposed photokinetic scheme not only well ac-counts for the observed behaviour of the long-lived emission of these chemically mixed crystals (although this scheme would necessitate some minor corrections for some of the temperature ranges in the case of crystals which contain higher concentrations of anthracene (0.1 and especially 1.0%)), but also is self-consistent from the quantitative point of view.
Concluding remarks
Determination of the nature and the energy scheme of the triplet states in the chemically mixed crystals of acridine II with anthracene has revealed that the triplet traps of both types (of acridine and anthracene origin) are within each type very distinctly segregated into two groups (of energy). We believe that this is a clear demonstration of a very selective role of the stucture of the host crystal lattice, which in the case of acridine II with two molecules per asymmetric unit offers two distinctly different local environments (sites) for anthracene guest molecule. It is also a proof that with this moderate concentration of guest molecule a true substitutional replacement of host by guest takes place.
A complete lack of any traces of the formation of triplet excimers of acridine may be considered as a piece of evidence which would ule out the nonradiative sinnglet-triplet intersystem crossing (from excimer singlet state) as a process controlling the decay of acridine singlet excimers, thus leaving a thermally activated internal conversion as the main nonradiative mode of excimer's decay. Still, however, population of the triplet states (traps), though of very low efficiency, takes place in these crystals and an understanding of how the triplet states (traps) are populated is probably of great importance for photophysics of acridine (not only in the crystalline phase). In order to solve this problem one has to probe the dynamics of the formation and the decay of singlet excimer of acridine with the picosecond time-resolved emission studies and this is now in the course of investigations for acridine II and its chemically mixed crystals in this laboratory.
